Experimental analysis was performed to evaluate the performances of hard-chrome plated stainless steel and TiAlSiN and TiCrAlSiN hard coatings deposited on cast stainless steel based on wear experimental data. The wear tests were carried out using a reciprocating wear tester modified from ASTM G133-05.The analysis of variance and other statistical tools were used to explore the influences of coating type, applied load and workpiece surface roughness on the average weight loss values of the workpiece materials. The results showed that coating type, applied load, and workpiece surface roughness and the interactions between coating type and applied load as well as between coating type and workpiece surface roughness were statistically significant at the level of significance of 0.05. Furthermore, the TiCrAlSiN coating had the highest wear resistance followed by the TiAlSiN and the hard-chrome plated stainless steel, respectively.
INTRODUCTION
TiN coatings are extensively employed in various industries to increase the wear resistance and lifetime of machine component [1, 2] . They have limitation of preventing O 2 condensation reaction. If Al and Cr are added, preventing O 2 condensation reaction will increase [3] . TiAlN have been developed to prevent high temperature O 2 condensation [4] . However, TiAlSiN has better wear resistance than TiAlN and TiN by adding Si [5] [6] [7] . This technology has lead to development of TiSiN and TiAlSiN to provide preferable protection O 2 condensation, wear resistance and mechanical properties [8] . TiAlSiN coated in a vacuum chamber has better mechanical properties and good thermal stability [9] . The coating will increase the wear resistance and hardness if it has a multilayer coating [10] .
Generally, Ti-based coatings can be deposited by a variety of techniques such as PVD magnetron sputtering [11, 24] and filtered cathodic arc (FCA) which are extensively used processes for hard coatings because of high surface smoothness, quality coatings, coating rate and coating repetitions. TiAlSiN and TiCrAlSiN coatings are developed on the basis of magnetron sputtering [12] [13] [14] , FCA [15] [16] [17] [18] , hybrid of sputtering and FCA techniques [19] . In the past decade, wear behaviours of TiAlSiN and TiCrAlSiN deposited on various materials have been studied such as stainless steel (SS) [23] , Ni-Cr based alloys [17] , tool steel [18] and Ni-based high-temperature alloys [19] . Wear behaviours of the coatings were examined including microstructure, hardness, friction coefficient and wear characteristics by the standard testing apparatuses such as pin-on-flat, pin-on-drum, pin-on-disc and reciprocating ball-on-flat depending on a variety of industrial applications [20] .
In this research work, the performances of TiAlSiN and TiCrAlSiN hard coatings deposited on cast stainless steel (SS) were compared with the hard-chrome plated stainless steel (HC) under abrasive wear tests in dry condition. A three-factor factorial design and analysis of variance (ANOVA) were employed to investigate the influences of the HC, TiAlSiN and TiCrAlSiN coatings, the workpiece surface roughness and applied load on wear resistance in terms of weight loss measurements of the workpiece materials.
EXPERIMENTAL PROCEDURE
The test specimens were the cast stainless steel (SS) with the length of 4 cm and the width of 1.5 cm. The SS was produced by the lost wax casting process and was machined by turning and milling operations. The specimens were developed for surface finishing employing a vibratory finishing machine with mixed ball burnishing media in different sizes varying from 5 to 8 mm. The chemical composition of the SS included 61.28% Fe, 20.75% Cr, 6.23% Ni and 3.06% Cu. Improvement of SS surface quality was accomplished through multi-layered depositions with Ti-based materials. TiAlSiN and TiCrAlSiN were coated on the SS by the FCA system (Nanoshield Co., Ltd). The detailed descriptions of TiAlSiN and TiCrAlSiN coatings by the FCA method were stated in the previous work [23] .
The hardness of each specimen was measured by a hardness tester (UMIS: model UMIS II) after coating the specimens and before the wear tests. The surface roughness was measured with a standard roughness tester (Mahr: model MarSurf PS1). The specimens were separated into two groups: the average surface roughness (Ra) lower than 0.02 μm (Rz < 0.05 μm) and the average surface roughness (Ra) higher than 0.5 μm (Rz > 1.5 μm).
Figure 1
Schematic illustration of the abrasion wear tester [21] Wear tests of TiAlSiN, TiCrAlSiN and HC were performed by a reciprocating wear tester modified from ASTM G133-05 as shown in Fig. 1 [21] . The wear tests were performed on a 1000 grit silicon carbide (SiC grit#1000: Struers) and applied load at 5 and 10 N. The oscillating frequency was 1.167 Hz (70 rpm). The testing time was 100 min and the length of the forward-backward movement was 15 mm. The weight loss values of all specimens were collected as per three-factor factorial design of experiments. Each treatment combination of coating type, applied load and surafce roughness factors was repeated three times. The thirty-six specimens were weighed using an electronic balance before wear tests. After wear tests, the specimens were weighed again. The weights before and after the wear test of each specimen were used to calculate a weight loss value. A comparison of average weight loss data from the wear tests was performed to identify the statistically significant factors using ANOVA and statistical graphical tools. The model for the three-factor factorial design was expressed as follows: 
where i represented the ith level of coating type factor (HC, TiAlSiN and TiCrAlSiN); j expressed the jth level of applied load factor (5 N and 10 N); k represented the kth level of workpiece surface roughness factor (Ra of 0.02 and Ra of 0.5 µm); l denoted the l th replication of each treatment combination. Generally, y ijkl was the observed weight loss value from the wear test, µ was the overall mean effect, τ i was the effect of the i th level of the coating type factor, β j was the effect of the j th level of the applied load factor and δ k was the effect of the k th level of the workpiece surface roughness factor. In addition, (τβ) ij was the effect of the two-factor interaction between τ i and β j , (τδ) ik was the effect of the two-factor interaction between τ i and δ k , (βδ) jk was the effect of the two-factor interaction between β j and δ k . Similarly, (τβδ) ijk represented the threefactor interaction between τ i , β j and δ k while Ԑ ijkl was a random error component.
The testing hypotheses about the equalities of all treatment effects of the three factors were defined as follows:
The testing hypotheses about the interactions between the two factors were expressed as follows:
H 0 : (τβ) ij = 0 for all i, j H 1 : at least one τβ) ij not equal to zero (5) H 0 : (τδ) ik = 0 for all i, k H 1 : at least one (τδ) ik not equal to zero (6) H 0 : (βδ) jk = 0 for all j, k H 1 : at least one (βδ) jk not equal to zero (7) Similarly, the testing hypothesis about the interaction of the three factors was defined as:
H 0 : (τβδ) ijk = 0 for all i, j, k H 1 : at least one (τβδ) ijk not equal to zero (8)
RESULTS AND DISCUSSION
Tab. 1 illustrates the experimental results of weight loss values of each treatment combination after carrying out the wear test. The HC plated specimens had the highest weight loss values followed by TiAlSiN and TiCrAlSiN, respectively. Generally, it was found that most weight loss values after carrying out the wear experiments using the applied load of 5 N were lower than those after carrying out the experiments using the applied load of 10 N regardless of coating type. In addition, most weight loss values after performing the wear experiments using the workpiece surface roughness of 0.5 µm were higher than those after carrying out the experiments using the workpiece surface roughness of 0.02 µm. On the other hand, after carrying out the experiments using the applied load of 10 N, the weight loss values of TiCrAlSiN coated specimens were different. It showed that the coating material and the workpiece surface roughness indicated interactions. However, the ANOVA and the statistical graphical tools were useful approaches for investigating the effects of the factors on the average weight loss values. The model adequacy should be checked before carrying out the analysis and interpretations from the ANOVA. The primary diagnostic tool is residual analysis [22] . Fig. 2a presents normal probability plot of residuals for the weight loss values from the wear experiments. If the residuals are normally distributed, the plot will look like a straight line. The trend of the normal probability plot bent down marginally on the right side and upward moderately on the left side. Generally, the normal probability plot of residuals did not indicate a violation of the assumption of normality, although some residuals on the right and the left sides slightly bent down.
A plot of residuals versus fitted (predicted) values is commonly used to perform a nonconstant variance checking. If the model is adequate and the assumption is satisfied, the residuals should be considered structureless. The residuals should be independent to any other factors including the predicted response. If the plot looks like a megaphone, nonconstant variance arises [22] . Fig. 2b does not illustrate a violation of the assumption of nonconstant variances.
The plot of residuals versus run number is used to check the assumption of independence. The experimental observations are not independent if the plot exhibits a pattern such as sequence of positve and negative residuals [22] . Fig. 2c exhibits the residuals and the run order of data collection for the weight loss values. The plot did not present the violation of the independence assumption. Fig.  2d displays the relationsip between the experimental observations (actual) and the predicted values. The plot is used to examine whether the statistical model fits to the experimental observations and the model can be used to predict the response values. The plot indicated that most of the weight loss values lay in a straight line. This implied that the three-factor factorial model fitted to the experimental observations and the model could be used to predict the weight loss values very well for the wear experiments. The effects of factors (coating type, applied load and workpiece surface roughness) and interactions among the factors on the average weight loss were investigated using ANOVA. Tab. 2 shows that the F-value of the model was 349.62 with very small p-value. The coefficient of determination (R 2 ) defined as the ratio of the explained variation to the total variation and was a measure of the degree of fit. The R 2 was 0.9904. The adjusted R 2 and predicted R 2 were 0.9876 and 0.983, respectively. The difference between the adjusted R 2 and predicted R 2 was less than 0.2 indicating a good model adequacy. Furthermore, the lack-of-fit value was used to measure the
variation of weight loss values around the fitted model. If the model fits the data well, the lack-of-fit value will not be statistically significant [22] . The F-value and the pvalue for the lack-of-fit test were 1.52 and 0.2349, respectively. It was not statistically significant at the level of significance of 0.05 indicating a good model. Tab. 2 also shows the sources of variation with the p-values less than 0.05, which are considered to have the statistically significant contributions to the average weight loss. The
ANOVA results for reduced model by selecting the statistically significant terms with the level of significance of 0.05 indicated that the most statistically significant factor affecting the average weight loss was coating type, which explained the largest contribution accounting for 81.1% of the total variability. The applied load, workpiece suface roughness, interaction of coating type and applied load, and interaction of coating type and workpiece surface roughness had much lower contribution levels. This study used a main effect plot and an interaction effect plot to evaluate and compare the relative strength of the influences across the three factors. Main effect plot of the average weight loss values at all levels of each factor was constructed in order to assess the average weight loss values changing across the levels of a factor. Fig. 3 illustrates the main effect plots of weight loss for the three factors. Fig. 3a indicates that the weight loss of hard chrome plated-stainless steel was the highest with the maximal value of 0.08 g whereas the weight loss of TiCrAlSiN coating material was the lowest. Fig. 3b exhibits the effect of applied load on average weight loss values during the wear tests. The weight loss decreased when the applied load was at 5 N. Similarly, Fig. 3c also reveals that the weight loss decreased if the workpiece surface roughness of 0.02 µm was used to carry out the wear experiments. Although the ANOVA in Tab. 2 and analysis results from the main effect plots indicated the statistical significances of the influences of the three factors on the average weight loss values, interaction effect plots were the most useful tools to evaluate the effects of the three factors on the average weight loss values.
Interaction effect plot is one of the simplest and powerful graphical tools used to determine whether at least two factors are interacting or not [22] . There is interaction between the factors if the two lines in the interaction effect plot are non-parallel. This indicates that the change in the average response from low level to high level of a factor relies upon the level of another factor. If the degree of departure from being parallel is higher, the interaction effect will be stronger. Fig. 4a illustrates the interaction effect plot between the coating type and applied load. The plot showed that the effects of the coating type at the two levels of applied load on average weight loss values were different. In addition, the effects of applied load at the three levels of coating type were different. Similarly, the results from the ANOVA indicated that the interaction between coating type and applied load was significant at the level of significance of 0.05. The coating type of TiCrAlSiN exhibited the minimum weight loss when the applied load was kept at 5 N. Fig. 4b also showed that the coating type of TiCrAlSiN provided lower weight loss values when the workpiece surface roughness of 0.02 µm was used to carry out the wear tests. This confirmed that wear resistance increased with decreasing surface roughness of the coated materials. Furthermore, hardness of the coatings should be evaluated. The average hardness values of HC, TiAlSiN and TiCrAlSiN were approximately 8.9 GPa, 30.8 GPa and 29.6 GPa, respectively. The hardness values of TiAlSiN and TiCrAlSiN were not significantly different. More statistical analysis for wear resistance of these materials should be further studied. Moreover, the optimal settings for wear resistant improvement should be investigated using graphical plot. The 95% confidence interval plot is used to present average response and confidence interval for one or more factors [22] . This plot illustrates both a measure of central tendency (i.e., average response) and variability of the data (i.e., 95% confidence interval). Fig. 5 depicts 95% confidence interval plot of the weight loss values of HC, TiAlSiN and TiCrAlSiN with different applied loads and workpiece surface roughness values. The results clearly indicated that the average weight loss values of HC were higher than those of TiAlSiN and TiCrAlSiN when carrying out wear tests at different applied loads and workpiece surface roughness values. Moreover, the variations of weight loss values of HC were larger than those of TiAlSiN and TiCrAlSiN because the surface after HC plating allowed Cr atoms to be consistently filled in the surface cavities causing substantially different weight loss values [23] . On the other hand, the averages and variations of weight loss values for TiAlSiN and TiCrAlSiN were not significantly different. Some interval plots of the weight loss values of TiAlSiN and TiCrAlSiN exhibited overlapping. The 95% confidence intervals with overlapping implied that the difference in averages among wear testing conditions was statistically insignificant at the level of significance of 0.05. Hence the analyses suggested that the suitable operating conditions for wear resistant improvement were proposed as follows: 1) using the coating type of TiAlSiN with the workpiece surface roughness of 0.02 µm by carrying out the wear experiments at the applied load of 5 N, 2) the coating type of TiCrAlSiN with the workpiece surface roughness of 0.02 µm by performing the wear tests at the applied load of 5 N and 3) the coating type of TiCrAlSiN with the workpiece surface roughness of 0.5 µm by carrying out the wear tests at the applied load of 5 N.
CONCLUSION
This research work investigated the performances of TiAlSiN and TiCrAlSiN coatings obtained by the FCA process compared to the hard-chrome plated stainless steel under the reciprocating wear tests in dry condition. A three-factor factorial design was used to prepare wear tests of the three materials with different applied loads and workpiece surface roughness values. The ANOVA was employed to investigate the influences of coating types, workpiece surface roughness and applied load on average weight loss values of the coatings from the wear tests. The findings of this study could be summarized as follows: -The coating type, applied load and workpiece surface roughness were statistically significant at the level of significance of 0.05. -The interaction between coating type and applied load was statistically significant at the level of significance of 0.05. -The interaction between coating type and workpiece surface roughness was statistically significant at the level of significance of 0.05. -If the workpiece surface roughness of 0. 02 µm with the applied load of 5 N was used to carry out the wear tests, TiAlSiN and TiCrAlSiN coated specimens exhibited the lowest weight loss values. -TiCrAlSiN coated specimens revealed higher wear resistance if the workpiece surface roughness of 0. 5 µm with the applied load of 5 N was used to perform the wear tests. -Wear resistance increased with increasing hardness of the coated materials.
